Cooperative effects are fundamental for electroprotonic energy transduction processes, crucial to sustain much of life chemistry. However, the primary cooperative mechanism by which transmembrane proteins couple the downhill transfer of electrons to the uphill activation (acidification) of protic groups is still a matter of great controversy.
Introduction
Electroprotonic energy transduction processes require organised structures designed to ensure thermodynamic coupling (cooperativity) between functional centres, which in turn imposes the need of vectoriallity to avoid shortcircuiting pathways leading to energy dissipation. This is the case when the redox-linked acidification of a specific protic group is used to drive the synthesis of ATP, via ATP synthase, in oxidative phosphorylation.
There are a few examples for which the molecular and structural bases controlling the mechanisms of functional cooperativities have been established [1 -5] , but the historic work on haemoglobin still remains as the paradigm to explain these processes [1, 6] . Haemoglobin presents a complex network of homo-and heterotropic cooperativities [7] , i.e., cooperativities between centres binding identical and different metabolites, respectively. The molecular basis for the cooperativity effects of haemoglobin involves an equilibrium between two structures: the tense, T (with, in particular, low affinity for oxygen and high affinity for protons), and the relaxed, R (with reversed affinities). This equilibrium explains the positive homotropic cooperativity to bind oxygen, as well as its well-known Bohr effect, i.e., the antagonist effect between the affinity to bind oxygen and protons [6] .
To understand the molecular and structural bases of cooperativities fully, it is essential to [8, 9] : (i) obtain the microscopic thermodynamic and kinetic parameters that control the binding efficiency of substrates and effectors to the functional centres; and (ii) relate these parameters to their structural features (topology), as well as to the conformational changes (choreography) often necessary to accomplish functional cooperativities. It is important to use and/or develop techniques and methodologies that give this information [10] . Unfortunately, the fact that many of the transducing proteins are large and complex makes this desideratum very difficult to achieve directly. This is the case for the multi-subunit transmembrane enzymes involved in electron/proton energy transduction processes, such as cytochrome c oxidase (CcO). In this case, only macroscopic parameters can usually be obtained [11, 12] and it is essential to deconvolute these parameters, so that mechanistic models can be proposed and tested. In particular, relevant information may be obtained using models extrapolated from mechanisms previously established for simpler proteins that perform phenomenologically equivalent functions.
Mechanisms used by soluble proteins
Thermodynamic coupling between redox and acid/base centres [10, 13] imply that the electron affinity of at least one redox centre, E m , must depend on the protonation state of an acid/base group (i.e., DE m = E m,acid À E m,base p 0). The inherent reciprocity of coupling effects [13, 14] indicates that the proton affinity of this group, pK a , depends on the oxidation state of the redox centre (i.e., DpK a redox = pK a red À pK a ox p 0). By analogy with haemoglobin, the coupling between redox and protonation states is known as a redox-Bohr effect, rB [13, 15] . Although this effect is sometimes associated with a mechanism involving a structural modification [15, 16] , this is not a compulsory feature, since the direct application of Coulomb's law originates a positive cooperative effect between centres binding particles with opposite charges [15,17 -20] , as is the case for e À /H + cooperativity (alias the principle of electroneutrality), here referred to as a positive redox-Bohr effect, rB + , since DpK a redox >0. However, this situation cannot be generalised, since reduction of a centre can be linked to a conformational modification that changes the overall distribution of charges within the protein [8, 21, 22] . The energetic contribution from the resulting mechano-chemical mechanism implies that the sign of DpK a redox can no longer be known a priori [8, 23] . Indeed, the conformational component to the global energy of the coupling mechanism may now override the inescapable direct attractive electrostatic effect between particles of opposite signs operative in each of the structural arrangements. In this case, an antagonistic effect between the affinity for electrons and protons can be established (DpK a redox < 0), and a negative redox-Bohr effect, rB À , is generated.
Another fundamental requirement to accomplish energy transduction is ensuring vectoriallity. This requirement implies: (i) a favourable thermodynamic driving force for the global e À /H + transfer process; (ii) a proper topology of the functional centres; (iii) a localised movement of charges, so that a correct sequence of events is ensured; and (iv) the involvement of a particular state (reduced and protonated state) of the transducer, which is used as the common intermediate between the input and output phases for electrons and protons. Furthermore, it is essential that the common intermediate state does not lose its proton until the relevant charge separation step is primed. Although these requirements apply to both positive and negative rB mech-anisms, some critical differences are required by each of them, as could be anticipated taking into account their opposite sign. First of all, as can be depicted by comparing Fig. 1A and B, the state primed to start the energy transduction cycle (i.e., the commitment step), receiving the low redox potential (high reduction energy) electrons, must be unprotonated in the rB + (P ox D ) and protonated in the rB À processes (H-P ox T ). Therefore, the order of the following steps is also different (cf. Fig. 1A and B) [10] .
In the rB + mechanism the common intermediate state (H-P red ) must first be reoxidised, giving the electron to a specific acceptor. Then the protonated group, acidified by the direct electrostatic interaction caused by this reoxidation is ready to release the activated proton (H f P ox , where the tilde is used to represent an acidified group). Since the rB + mechanism does not impose a structural modification, and the protic group of the common intermediate state has a high pK a red (i.e., is not yet acidified), this mechanism can operate by an intermolecular electron transfer process ( Fig. 1A ). Vectoriallity is warranted by stepwise protein -protein recognition, first by interaction with the donor(s) followed by interaction with the acceptor(s). This recognition must be strictly dependent on the relevant redox and protonation state of the transducer, so that a futile cycle is avoided.
The rB + process can be exemplified by the type I cytochrome c 3 (Cytc 3 ) [8, 18] , a small (14 kDa), monomeric, soluble, and very stable protein with a central role in the bioenergetic metabolism of Desulfovibrio (D.) sp., where it works as a coupling protein between a periplasmic hydrogenase (H 2 ase), which oxidises H 2 , and a transmembrane electron transfer complex [8, 24] . This complex translocates the electrons from the periplasm to the cytoplasm to enter the sulfate respiration chain, leaving activated protons ready to stimulate ATP synthase from the periplasm side. Working as an electroprotonic energy transducer, Cytc3 performs a ''proton thrusting'' mechanism governed by a rB + (Fig. 1 ). The stimulation of H 2 ase is made possible by a concerted network of homo-and heterotropic cooperativities designed to elicit an efficient functional mechanism for electroprotonic energy transduction between the redox and protic centres receiving the electrons and protons produced by the oxidation of hydrogen: H 2 ! 2e À* + 2H + ! 2e À + 2H +* , where the asterisks (red in Fig. 1A ) represent energised electrons (i.e., supplied by centres with low E m ) and energised protons (i.e., bound to protic groups with low pK a ). Acidified protic groups are obtained, as the energised electrons are transferred from the initial donor (H 2 ase) to the redox centres of the transmembrane electron transfer complex, with higher E m .
By contrast, the rB À mechanism imposes a structural change. Again, by analogy with haemoglobin, this effect can be modelled by a TWR interconversion, but where binding of electrons rather than oxygen triggers the conformational switch, and the antagonistic affinities now refer to electrons and protons. Here, the proton of the common intermediate, acidified by the redox-linked structural mod-ification (H f P red R ) is ready to be pumped either to another protic group or to a more acidic phase, previously thermodynamically inaccessible (Fig. 1B ). Since in this mechanism the vectoriallity of charge movement is favoured by the thermodynamic parameters the electron and proton transfer kinetics can be thermodynamically controlled. The electroprotonic energy transduction mechanism based on rB À effects can easily be achieved by an intramolecular electron transfer process within a transmembrane protein with thermodynamic parameters optimised to work under physiological conditions. In this case, vectoriallity will be reinforced by a TWR conformational change that may also be used to alternate the accessibility of protons between opposite sides of the membrane (see model below).
This process cannot be explained by direct electrostatic considerations (Coulomb's law) that necessarily originate an attractive effect between charges of opposite sign. The overriding of the electrostatic effect between the two charges must involve the movement of charged residues. Consequently, this cooperative effect must involve a redoxlinked structural modification [8, 23] , such that reduction of one centre induces a structural modification, resulting in an overall anti-Coulomb effect [8] . However, it should be stressed that the structural rearrangement that stabilises the new distribution of charges need not involve large structural modifications. Indeed, in Desulfovibrio gigas Cytc 3 (DgCytc 3 ) the conformational modification that governs an anti-electrostatic cooperativity between the redox potential The rB + mechanism starts with the stable deprotonated oxidised state of the transducing protein, P, bound to the reduced/ protonated donor (D). After coordinated transfer of electron(s) and proton(s) (P ox D +e À /H + !H-P red D , steps 1 and 2), the donor leaves, and the common intermediate is ready to bind the acceptor (A) and receive these particles (H-P red A !P ox A +e À /H + , steps 4 and 5). In this mechanism, the common intermediate state (H-P red ) is basic keeping the proton until it binds to a specific acceptor to deliver the electron from a higher E m centre. Only then is the rB + group acidified (HfP ox A ). The basis for vectoriallity is the state-specific stepwise recognition of the donor/acceptor proteins (steps 3 and 6). (B) In the negative effect, rB À , the stable high pK a ox oxidised state is already protonated (H-P ox T ). After reduction (step 1), there is a conformational change (step 2) to a high-energy structure (T!R) and the H + is immediately ready to be pumped (step 3). Electron transfer to a centre with higher E m is linked to the (R!T) structural change and the basified rB À group can again recruit a proton (step 6). This mechanism is particularly suitable for transmembrane transducers, where protons are transferred from the N-to the P-side. Blue (de-energised) and red (energised) are used for comparative proposes. Subscripts T and R indicate the conformational states of the transducer protein. N and P subscripts represent protons recruited (ejected) from (towards) the negatively (positively) charged site of the membrane. of two haems does not affect the global folding of the protein. Small localised rearrangement of an H-bond network is sufficient to move the side chains of specific charged residues [25] . Nevertheless, the structural switch governing the negative redox-Bohr cooperativity observed in the monohaemic cytochrome cU of Metylophilus methylotrophus [26, 27] involves the release of a histidinyl residue, which is a haem axial ligand in the oxidised state, as well as the concerted movement of a haem propionate.
As mentioned above, it is useful to explore whether the knowledge gained from the mechanisms established for simpler proteins, which perform electroprotonic energy transduction processes in less evolved organisms, can help to understand the operational mechanisms of more complex enzymes.
Proton activation by CcO
CcO is the transmembrane terminal electron acceptor in oxygen respiration (O 2 + 4e À + 4H + ! 2H 2 O). It contains four redox centres: Cu A , haem a (Fe a ), and a binuclear centre with haem a 3 (Fe a3 ) and Cu B , where oxygen is reduced by four electrons supplied from reduced cytochrome c to Cu A and transferred through Fe a to the binuclear centre [3,28 -30] . This process is coupled to the activation of protons, which are translocated across the membrane and against an electrochemical potential gradient (redox-linked proton pumping) [29, 31] , so that they are ready to activate ATP synthase. A large amount of work, involving a vast number of research groups, has been dedicated to decipher the molecular basis by which the downhill transfer of electrons is coupled to the gated uphill activation (acidification) of protic groups. Nevertheless, the mechanism used by CcO is still a matter of great controversy [29] , particularly following the unexpected observation that protons can be pumped at the onset of the reductive phase of the functional cycle [32, 33] . Indeed, several proposals, often contradictory, are currently appearing in leading scientific journals [33 -36] . Furthermore, despite the possibility of using extensive structural information [11, [37] [38] [39] [40] [41] [42] and powerful molecular genetic tools, even the interpretation of crucial thermodynamic data of its redox centres, laboriously obtained during the last more than 30 years, remains debatable [43 -47] .
This elusive thermodynamic data include:
1. The pH dependence of the E m of haem a, E m Fea , is much smaller than the 60 mV/pH unit expected for a direct electrostatic effect [11] . These deceiving data led some groups to abandon previous models, in which the redox chemistry of Fe a would have a crucial role in proton activation, and redirect their efforts to the search for mainly kinetic controlled mechanisms [46, 48] . 2. At the onset of reduction there is a first fast phase, during which an electron is transferred from Cu A to Fe a , where it is stabilised since, at this stage, Fe a has the highest redox potential. However, this phase is followed by a slower one that corresponds to the electron transfer to the binuclear centre [49 -54] . The relative rates of these two phases have been interpreted as a consequence of an inversion of the redox potentials of Fe a and Fe a3 , governed by the homotropic redox effects between these two centres, combined with the effect caused by the protonation of a positive rB group linked to Fe a3 [49] . However, this interpretation has been questioned in terms of its contributions to the efficiency of the intramolecular electron transfer [54] (actually, since reoxidation of Fe a is accomplished by an electron transfer to the binuclear centre, first to Fe a3 and then to Cu B , the binuclear rB group can be associated with either of its redox centres or, more likely to both of them but, to simplify the description, Fe a3 will be used when referring to this step).
Recently [10] , it was shown that a minimal mechanistic model in which the key feature is a TWR conformational switch governing a negative rB coupled with Fe a is consistent with the deceptive data just mentioned for the redox chemistry of Fe a , when combined with other redox-Bohr effects. This model is now further elaborated ( Fig. 2 ):
1. The small pH dependence of E m Fea is adequately explained by two redox-Bohr groups, one positive, rB 1 + , and the other being the abovementioned negative group, rB 2 À , both coupled to Fe a , such that pK a1 ox < pK a2 red < pK a2 ox < pK a1 red (see Fig. 2 of Ref. [10] ). 2. This combination of rB groups linked to haem a also contributes to the inversion of redox potentials, since: (i) reduction of haem a coupled to the protonation of rB + 1 (recruiting a proton from the N-side, step 1 of Fig. 2 ) increases the E m Fea ; (ii) the T ! R conformational switch (step 2 of Fig. 2 ), linked to the reduction of haem a, and causing the negative redox-Bohr effect, rB À 2 , can only be accomplished if its electron affinity is raised, further contributing to increase the E m Fea in R; (iii) the concomitant acidification of the rB À 2 group, assisted by this conformational change induces the ejection of its proton towards the P-side (step 3 of Fig. 2 ), now contributing to decrease E m Fea ; and (iv) the reoxidation of Fe a obviously reverses the (i) and (ii) effects, further decreasing E m Fea (steps 4 and 5 of Fig. 2) .
Moreover, it is well established that the redox chemistry of haem a 3 is linked to a positive redox-Bohr group, rB 3 + , whose protonation raises E m Fea3 [49, 50, 54] . Synchronization of the intramolecular electron transfer, from Fe a to Fe a3 , with the intramolecular proton transfer from the rB 1 + to the rB 3 + group, results in the coordinated decrease/increase of E m Fea /E m Fea3 , causing an important inversion on the haem redox potentials. The concomitance of the acidification and basification of the rB + groups 1 and 3, respectively, lends a decisive boost to the driving force for this synchronized e À / H + step (Fig. 2) , essential to implement an efficient functional mechanism. Actually, the electron transfer to the binuclear centre promotes the binding of oxygen and its subsequent exergonic reduction ensures the directional turnover of the proton activation cycle. Thus, synchronization in the coupled transfer of electrons and protons, as well as in the conformational change is an essential requirement to ensure the proper order of steps and accomplish vectoriallity. Moreover, uncoupling of these processes can have drastic consequences:
1. The relative driving forces, resulting from the thermodynamic changes caused by the network of cooperativities, are compatible with the order of steps described in Fig. 2 . Thus, in this mechanism, kinetics can be thermodynamically controlled. However, lack of synchronization between the transfer of electrons and protons from Fe a and rB + 1 to the binuclear centre would not only diminish the driving force, but could also contribute to the generation of dangerous reactive oxygen species.
A conformational change between the In-and Output
structures, such that the accessibility of protons to opposite sides of the membrane alternates, can be used to prevent the dissipation process due to leak back of activated protons to the N-side. In the model discussed here, this role is achieved by the T ! R conversion, triggered by the reduction of Fe a [10] . This conversion is coupled to the activation of the proton to be pumped (rB À 2 , in the common intermediate state, H~a red R -H). Therefore, closure of the entry channel is synchronized with the activation of the rB À 2 proton, providing the pawl to a molecular ratchet mechanism [10, 55, 56] . Consequently, charge separation is only performed after the ratchet pawl has been engaged and leak back can be avoided. Interestingly, this charge separation process works against the principle of electroneutrality, generally taken for granted in several models that try to explain the proton activation cycle of CcO [57 -60] .
The schematic model that brings into play the network of three protic rB groups linked to two redox centres is presented in Fig. 2 using the generally accepted cubane paradigm to describe the energy transduction process of CcO [12, 61, 62] . However, here the order of steps is adapted to take into account the crucial coupling requirements discussed above. In particular, this proton pumping cycle starts at the oxidised state, H-a ox T , with the rB À 2 group previously protonated at the last step of the functional redox-cycle (step 6) by uptake of a proton from the N-side. Thus, the counterintuitive anti-Coulomb mechanism, rB À 2 , can also be used to interpret the observation that protons can be translocated at the onset of the reductive phase of CcO. Indeed, reduction of Fe a (with the concomitant T ! R structural switch, step 2 of Fig. 2 ) results in the acidification Fig. 2 . Medial model for the proton activation mechanism coupled to the redox-cycle of haem a in CcO. Three protic centres are shown in the cubane scheme of this model. The dotted squares represent an ''antenna collecting proton'' used for rapidly providing protons from the N-side to both rB groups, as soon as their pK a are increased (see text). The solid line square/diamonds represent the rB À 2 group and the circles represent the rB + 1 group. The functional cycle starts with the oxidised state in its stable protonated state (high pK a ox ), which is then acidified by the redox-linked conformational change (steps 1 and 2) leading to H f a red R -H. Deprotonation of the activated (lower pK a ) group of this intermediate state is followed by the synchronous reoxidation/deprotonation of rB + 1 and the conformational change back to the T state (steps 4 and 5). The rB À 2 group, again with a basic pK a , can recruit another proton from the N-side (step 6). This rB À 2 cycle is synchronized with the simultaneous cycle for the rB + 1 group, since both rBs are linked to the reduction/oxidation of same centre, Fe a , at steps 1 and 4. The effect of these two steps can be viewed as the coupling of steps 1 and 2, and 4 and 5 of Fig. 1A , respectively. In this model, synchronization is crucial to accomplish a tight coupling between the vectorial transfer of electrons and protons to the binuclear centre and proton pumping. The colour code, subscripts and superscripts used are the same of those of Fig. 1, and of the previously protonated rB À 2 group that can now eject a proton towards the P-phase.
Moreover, the present model shows why full protonation at step 6 is essential to warrant a 1:1 ratio of protons pumped for this redox-cycle of haem a: the rB À 2 group does not lose its proton unless the external conditions are relaxed to values different from those prevalent under steady-state physiological conditions, for which its pK a s were optimised. Thus, alteration of the exogenous conditions may change the ''local pH'' [63] at the functional rB groups, as well as their pK a s and, in particular, contribute to the deprotonation of the oxidised and protonated state (H-a ox T ), decreasing or even suppressing the pumping efficiency of the redox-cycle. Here, it should be stressed that even small changes in the (macroscopic) membrane potential can contribute to relevant compensated changes in the (microscopic) pK a s of the functional rB groups. This situation may occur after an (experimental) interruption of the cycle, explaining why delaying the restart of a new redox cycle may not lead to significant proton pumping [33, 36] . Indeed, it is quite possible that in the experimental conditions used (the enzyme is reconstituted in liposomes), the electrochemical potential collapses during the experimental interruption, causing an alteration that leads to deprotonation of the rB À 2 group before the next reductive phase of the functional redox-cycle restarts. Restarting the cycle with the reduction of the newly stabilised deprotonated oxidised state (a ox T ), would short-circuit step 6 of Fig. 2 . This interpretation contradicts the proposal that the reoxidised and reprotonated state (H-a ox T ) is metastable, in the sense that this may be a strained high-energy state [33, 36] . Furthermore, the modified (short-circuited) redox-cycle that starts with the deprotonated oxidised state is also consistent with the pulsing/ resting switch of the protein [51, 54] triggered by the (de)protonation equilibrium of the rB À 2 group with the existing exogenous conditions. Interestingly, the X-ray crystallographic observation that the carboxylate group of Asp51 moves from the interior of the protein towards a solvent exposed region on the P-side of the protein, upon reduction of bovine heart CcO crystals [64, 65] , is fully compatible with the presence of a rB À (i.e., acidification of Asp51 upon reduction). Like the above cited conformational modification governing an anti-electrostatic effect in D. gigas Cytc3 [25] , the structural modification in CcO is due to a rearrangement of an H-bond network involving Ser residues [65] . Nevertheless, it is worth recalling that the interior of the CcO structure has several regions where there is room for movement of amino acid residues [66] . Also, as pointed out previously (see Refs. [67 -70] ), there are indications that transient redox-linked conformational rearrangements can occur in the region at the top of the D-channel, e.g., involving residue Glu242, as well as the cluster formed by Arg438/ 439 residues and the propionates of both haems, as well as ''proton-collecting antennas'' that provide rapid access to the protons in the bulk solution (see Ref. [71] and references therein). This region may well provide alternative candidates consistent with the rB effects linked to both haems. Curiously, the model discussed above is phenomenologically similar to that established for the proton activation by rhodopsin, where a mechano-chemical mechanism is used for the vectorial activation of a protic group, which is also protonated when the photocycle starts, and is ejected at its onset (cf. Fig. 1 of Ref. [4] ). This similarity adds an important common feature to those already described for these two primary proton activation devices [10, 72, 73] , and considerably extends the interest of the cooperative mechanism operative in haemoglobin.
Clearly, the medial model discussed here can be further elaborated by including other thermodynamic interactions, such as the homotropic cooperativities between Fe a with other redox centres [50] as well as those between the rB protic groups and subsequent reduction of Fe a [74 -76] . Moreover, it is expected that implementation of specifically designed experimental protocols and analysis of existing data, including available X-ray structures, spectroscopic characterizations, and kinetic studies in wild-type or mutants of CcO may contribute to further test and/or improve this model.
Conclusions
Electroprotonic energy transduction processes are performed by proteins having thermodynamically coupled redox and protic centres, as well as structures designed to control the movement of charges, enforcing directionality to avoid energy dissipation and/or production of toxic byproducts by short-circuiting. This can be achieved by a network of positive and negative rB cooperativities with specific redox centres tuned to ensure a synchronized transfer of electrons and protons, as well as conformational changes.
The redox chemistry of haem a of CcO and its functional characterization can be described by a model based on the cooperativity mechanisms used by soluble proteins, such as haemoglobin and cytochromes. This model is used to illustrate the essential thermodynamic and choreographic constraints imposing a vectorial movement of charges to accomplish the electroprotonic energy transduction necessary to promote the synthesis of ATP.
As a final comment, I would like to point out that the model discussed here is consistent with the inspiring concepts put forward in Williams' [77] original proposal, which considers energisation (acidification) of localised protons as the crucial step to assist oxidative phosphorylation. Using a molecular ratchet mechanism [10, 55, 56] , the present model explains how a proton motive force can be implemented by energisation of a specific acid group connected to the exit gate, on the P-side of CcO.
